(a complex of SKP1, cullin-1 and FBW7), plays important roles in various physiological and pathological processes. Although FBW7 is required for vascular development, its function in the endothelium remains to be investigated. In this study, we show that FBW7 is an important regulator of endothelial functions, including angiogenesis, leukocyte adhesion and the endothelial barrier integrity. Using RNA interference, we found that the depletion of FBW7 markedly impairs angiogenesis in vitro and in vivo. We identified the zinc finger transcription factor Krüppel-like factor 2 (KLF2) as a physiological target of FBW7 in endothelial cells. Knockdown of FBW7 expression resulted in the accumulation of endogenous KLF2 protein in endothelial cells. FBW7-mediated KLF2 destruction was shown to depend on the phosphorylation of KLF2 via glycogen synthase kinase-3 (GSK3) at two conserved phosphodegrons. Mutating these phosphodegron motifs abolished the FBW7-mediated degradation and ubiquitination of KLF2. The siRNAmediated knockdown of FBW7 showed that KLF2 is an essential target of FBW7 in the regulation of endothelial functions. Moreover, FBW7-mediated KLF2 degradation was shown to be critical for angiogenesis in teratomas and in zebrafish development. Taken together, our study suggests a role for FBW7 in the processes of endothelial cell migration, angiogenesis, inflammation and barrier integrity, and provides novel insights into the regulation of KLF2 stability in vivo.
Introduction
The endothelium is the thin layer of cells that lines in the interior surface of all blood vessels and plays crucial roles in many aspects of the vascular system [1] . The loss of proper endothelial function is a hallmark of vascular diseases such as atherosclerosis, hypertension, blood clotting and inflammation [2] [3] [4] [5] . The Krüppel-like factors (KLFs) are a family of zinc finger transcription factors with essential roles in cell growth, differentiation and tissue development [6] . Several KLFs, including KLF2, 4, 6, 10, and 15, have been reported to be involved in vascular functions [7] [8] [9] [10] [11] . Among them, KLF2 (also known as LKLF) is a central regulator of endothelial functions, including angiogenesis, inflammation, thrombosis and vascular tone [7, 12] . A KLF2 deficiency impairs endothelial barrier integrity and increases endothelial leakage by regulating the expression of the key junction protein occludin [7, 13] . The ectopic expression of KLF2 inhibits endothelial cell migration and angiogenesis by downregulating VEGFR2 [14] . KLF2 also regulates endothelial proinflammatory activation by upregulating eNOS expression through the NF-κB pathway [15] .
The regulation of KLF2 mRNA expression has been well studied in the endothelium [16] . Accumulating evidence shows that MEF2 transcription factors are the central regulators of KLF2 mRNA expression in endothelial cells. Laminar flow induces MEF2 phosphorylation through ERK5 activation and thus stimulates KLF2 mRNA expression [17] . Similarly, the antiinflammation drugs statins also induce KLF2 expression via MEF2 activation [18] . Recent evidence shows that miRNA-92a regulates KLF2 mRNA in endothelial cells [19] . Moreover, proteasome inhibitors can also induce the expression of KLF2 mRNA in the endothelium and thus increase the expression of Thrombomodulin [20] . Although a number of studies have shown that KLF2 is tightly controlled at the transcriptional level, it is still unclear whether KLF2 protein is also regulated at the posttranslational level in endothelial cells.
Ubiquitin-dependent protein degradation is involved in various biological processes by regulation of protein abundance. The F-box and WD repeat domain-containing 7 (FBW7, also known as FBXW7, SEl-10, hCDC4, and hAgo) is the substrate recognition component of the SKP1-cullin-1-FBW7 (SCF FBW7 ) E3 ubiquitin ligase complex, which mediates the degradation of a variety of proteins, including c-Myc, Cyclin E, c-Jun, C/EBPα, MCL1, Notch and KLF5 [21] [22] [23] . FBW7 has been demonstrated to play important roles in various physiological and pathological processes, such as tumorigenesis, lipid metabolism, cell proliferation, stemness and differentiation [21, 24] . Evidences from tissue-specific knockout mice indicate that FBW7 fine-tunes the substrate function in a tissue-specific manner [25, 26] . For example, FBW7 regulates the proliferation and differentiation of hematopoietic stem cells through the modification of cMyc abundance [26] , and orchestrates the differentiation of neural stem cells through regulation of Notch/c-Jun signaling pathways [25, 27] . It has been reported that FBW7 is required for the formation of functional vasculature [28] . Fbw7-deficient mice show defects in vascular development and embryonic lethality at day E10.5 (E10.5) [28] . Recent studies indicate that FBW7 may regulate angiogenesis by targeting Notch, NF-1 or HIF1 [29] [30] [31] . However, the role of FBW7 in vascular biology remains to be investigated.
Results

Depletion of FBW7 impairs angiogenesis in vitro and in vivo
A previous study indicated that Fbw7 is notably expressed in the endothelial cell lineage of embryos [28] . Our data also indicated that FBW7 is highly expressed in HUVECs and aortic endothelial cells (Supplementary information, Figure S1A ). Angiogenesis, which is the growth of new blood vessels from pre-existing vessels, is a vital process in development, wound healing, inflammation, ischemia and tumorigenesis [3] . To examine the potential role of FBW7 in angiogenesis, we investigated the effect of FBW7 siRNA on vascular endothelial tube formation in vitro. Three isoforms with different subcellular localization of FBW7 have been identified: FBW7α, β and γ [32] . HUVECs transfected with control or FBW7 siRNA targeting all three isoforms of FBW7 were plated on Matrigel in the presence of VEGF and capillary/tubelike-structure formation was examined. Transfection with FBW7 siRNA efficiently reduced the expression of FBW7 in HUVECs ( Figure 1A and Supplementary information, Figure S1B ) and significantly impaired the tube formation compared with the control cells ( Figure  1A ). Cells transfected with FBW7 siRNA formed partially connected networks. We measured the cumulative tube length and found that FBW7 siRNA reduced the tube length by ~58% ( Figure 1A ). Similar results were obtained using FBW7 shRNA lentivirus, which significantly inhibited FBW7 expression in HUVECs (Supplementary information, Figure S2A -S2C). The effect of the FBW7 knockdown could be rescued using a shRNAresistant mutant of FBW7 (Supplementary information, Figure S2D and S2E), indicating that the effect of FBW7 knockdown was specifically caused by the reduction of FBW7 expression. The effects of FBW7 knockdown on angiogenesis were also confirmed using a mouse aortic ring model. The infection of the mouse aortic ring with FBW7 shRNA lentivirus dramatically reduced the sprouting of endothelial tubules ( Figure 1B ). These results demonstrate that FBW7 plays a pivotal role in endothelial tube formation and sprouting.
To determine whether FBW7 is important to angiogenesis in vivo, we studied the effect of FBW7 knockdown on the angiogenic response using an in vivo Matrigel plug assay in mice. Matrigel containing angiogenic factors (VEGF) mixed with control or Fbw7 shRNA virus was implanted subcutaneously into the abdomen of male mice. Without angiogenic factors, little to no red blood cells (RBCs) were observed in the Matrigel ( Figure 1C ). Matrigel plugs containing angiogenic factors mixed with control virus appeared red and were filled with RBCs 6 days after implantation, indicating that functional vascular structures were induced within the Matrigel ( Figure  1C ). In contrast, the addition of Fbw7 shRNA virus notably inhibited angiogenic factors-induced vascular growth and the Matrigel plugs were pale due to the lack of RBCs ( Figure 1C ). The angiogenesis was confirmed by immunohistochemistry using anti-CD31 antibody, which is a specific marker for endothelial cells. A ≥ 80% reduction of angiogenesis was observed in the presence of Fbw7 shRNA virus ( Figure 1D ). Collectively, these data suggest that FBW7 is a key regulator of angiogenesis in vivo.
FBW7 is involved in endothelial cell migration
Endothelial cell migration in response to angiogenic stimuli is a key step in angiogenesis [33] . Thus, we determined whether FBW7 affects endothelial cell migration. Our data showed that the transfection of FBW7 siRNA significantly reduced HUVECs migration in a woundhealing assay ( Figure 1E and 1F) . Similar results were obtained from a transwell assay ( Figure 1G and Supplementary information, Figure S2F ). The effect of FBW7 knockdown on HUVEC motility was also examined using time-lapse microscopy in the presence of VEGF. We observed that the FBW7 knockdown significantly reduced HUVEC cell motility ( Figure 1H ). Taken together, these data indicate that FBW7 is required for angiogenic factor-induced endothelial cell migration.
FBW7 targets KLF2 for degradation
As a key component of SCF E3 ubiquitin ligase, FBW7 primarily induces the ubiquitin-dependent degradation of proteins [21] . However, most of the FBW7 substrates contain a conserved phosphorylation site called the CDC4 phosphodegron (CPD) [21] . A global protein database search revealed that the transcription factor KLF2 contains two potential CPDs in its transcription inhibitory domain (Figure 2A ). KLF2 has been well established as a central regulator of endothelial cell functions, including angiogenesis and cell migration. Therefore, we examined whether FBW7 regulates endothelial cell function through the destruction of KLF2. As shown in Figure 2B , KLF2 protein was significantly increased in the FBW7 siRNA-transfected HUVECs compared with the control cells. In contrast, the FBW7 knockdown showed no effect on p53 levels ( Figure 2B) . A cycloheximide (CHX) chase assay revealed that the knockdown of FBW7 reduced KLF2 turnover in HUVECs (Supplementary information, Figure S3A ). Moreover, both the abundance and half-life of KLF2 protein were significantly increased in the FBW7-deficient DLD1 cell line compared with the parental cell line ( Figure 2C and Supplementary information, Figure S3B ). However, deficiency of FBW7 had no effect on the KLF2 mRNA level ( Figure 2C ). The depletion of FBW7 in HUVECs also markedly increased the expression of shear stress-induced KLF2 protein (Supplementary information, Figure S3C ).These data suggest that FBW7 regulates endogenous KLF2 protein in vivo.
The FBW7-induced degradation of KLF2 was confirmed in 293T cells. Our data showed that FBW7 specifically downregulated the level of KLF2 protein, which was not affected by other F-box proteins that we tested, including β-Trcp1, FBW2, FBW5 and FBW8 (Supplementary information, Figure S3D ). Similar results were obtained in 293T cells from the coexpression of FBW7β and γ isoforms ( Figure 2D ). Interestingly, we found that expression of FBW7α and γ, but not β, reduced the protein levels of endogenous KLF2 in HUVECs (Supplementary information, Figure S3E ). Consistently, using isoform-specific siRNA, we showed that knockdown of FBW7α and γ, but not β, resulted in the increased levels of endogenous KLF2 protein in HUVECs (Supplementary information, Figure S3F ). These data indicate that endogenous KLF2 is mainly regulated by FBW7α and Figure 1 Depletion of FBW7 impaired angiogenesis and endothelial cell migration. (A) Depletion of FBW7 inhibited the tube formation of HUVECs. HUVECs transfected with FBW7 or control siRNAs were placed in plates coated with Matrigel and tubular structures were photographed. Column, mean from three independent experiments with duplicates; bar, standard deviation (SD); *P < 0.05; **P < 0.01 vs control siRNA. (B) Knockdown of FBW7 reduced the sprouting of vessels. Aortic segments isolated from mice were infected with lentiviral vectors. The aortic segments were placed in Matrigel-covered wells for 6 days. Sprouts were recorded using Image-Pro Plus 6.0 software and were calculated as a percentage of the control groups. Column, mean; bar, SD. **P < 0.01 vs control. (C) The depletion of FBW7 inhibited VEGF-induced angiogenesis in vivo. Mice were injected with 0.5 ml of Matrigel containing the indicated lentivirus. The angiogenesis in the intact Matrigel plugs was examined after 7 days (n = 5). Plug sections of 5 µM were immunostained with a specific anti-CD31 antibody for blood vessels. The images were captured using a Leica DM 4000B photo microscope (magnification, 400×). Arrows, blood vessels. (D) Quantification of blood vessels from C. IOD, Integrated Optical Density; Column, mean; bar, SD. **P < 0.01 vs control. (E) The depletion of FBW7 inhibited HUVEC migration as measured by wound healing assay. HUVECs transfected with FBW7 or control siRNAs were treated with mitomycin C. Cells were scratched using a pipette tip and the wound margins were imaged. The migrated cells were quantified manually. Figure S3G ). The FBW7-mediated KLF2 degradation was further confirmed using a CHX chase assay ( Figure 2E ). The coexpression of a The KLF2 protein level, but not mRNA level, was increased in FBW7-null DLD1 cells. The protein levels were detected by western blotting. GAPDH was used as loading control. The mRNA levels were detected using Q-PCR. NS, not significant; **P < 0.01. (D) FBW7 mediated degradation of KLF2 in an ubiquitin-proteasome-dependent manner. HA-KLF2 was coexpressed with empty vector or different FBW7 isoforms. Transfected cells were treated with or without 10 μM MG132 for 6 h before harvesting. The expression of KLF2, FBW7, and GFP were analyzed using western blotting. (E) FBW7 promoted KLF2 turnover as measured using a CHX chase assay as indicated. (F) FBW7 promoted the ubiquitination of KLF2 in vitro. 293T cells were transfected with HA-KLF2 or Flag-FBW7 as indicated, followed by immunoprecipitated using an HA or Flag antibody and then subjected to in vitro ubiquitination. Ubi, Ubiquitin. (G) Interaction between endogenous KLF2 and FBW7 in DLD1 cells. DLD1 cells were treated with 10 μM MG132 for 6 h and lysed. FBW7 was immunoprecipitated using an anti-FBW7 antibody. The immunoprecipitates (IP) and the original whole-cell extracts (WCE) were analyzed by western blotting using an anti-KLF2 or anti-FBW7 antibody. (H) FBW7 reversed the inhibitory effect of KLF2 on VEGFR2 promoter. The VEGFR2 promoter reporter gene was transfected with KLF2 and FBW7 into 293Tcells as indicated. Promoter activity was analyzed using a Dual-Luciferase assay. (I) Depletion of FBW7 inhibited VEGFR2 expression. The mRNA expression was detected using RT-PCR.
dominant negative form of Cullin (dnCullin1) significantly blocked FBW7-mediated KLF2 destruction (Supplementary information, Figure S3H ), indicating that the SCF complex is required for FBW7 to target KLF2 for degradation. Taken together, our data indicate that the SCF FBW7 complex targets KLF2 for degradation in a proteasome-dependent manner.
As a key component of the SCF FBW7 E3 ubiquitin ligase, FBW7 targets its substrates for degradation in a ubiquitination-dependent manner. The FBW7-mediated npg degradation of KLF2 prompted us to investigate whether FBW7 could target KLF2 for ubiquitination. Our data showed that the coexpression of FBW7 significantly increased the level of ubiquitinated KLF2 in vivo (Supplementary information, Figure S3I ). The FBW7-mediated ubiquitination of KLF2 was also confirmed using an in vitro ubiquitination assay ( Figure 2F ). Taken together, these results demonstrate that KLF2 is a downstream target of the SCF FBW7 E3 ubiquitin ligase.
FBW7 interacts with KLF2
Binding to FBW7 is required for the destruction of substrates [21] . Thus, we investigated whether KLF2 interacts with FBW7 using a co-immunoprecipitation assay. Our data showed that KLF2 was only detected in the immunoprecipitated samples containing FBW7 but not in the samples containing other F-box proteins, including β-Trcp1, FBW2, FBW5 and FBW8 (Supplementary information, Figure S4A ), suggesting that KLF2 specifically interacts with FBW7. Our data further showed that the FBW7 WD40 repeat was sufficient for its interaction with KLF2 (Supplementary information, Figure S4B and S4C). The results of an immunoprecipitation assay showed that endogenous KLF2 also interacted with endogenous FBW7 ( Figure 2G ). Immunofluorescence showed that KLF2 colocalized with FBW7α in the nucleus (Supplementary information, Figure S4D ). Collectively, our data indicate that KLF2 binds to the substratebinding domain of FBW7.
FBW7 regulates KLF2 transcriptional activity
We measured the effect of FBW7 on KLF2 transcriptional activity using a reporter gene assay. Consistent with the previous report [34] , the expression of KLF2 significantly increased S1P1 promoter activity. As expected, the coexpression of FBW7 eliminated the KLF2 effect (Supplementary information, Figure S4E ). It was reported that KLF2 inhibited VEGFR2 expression by reducing the activity of the VEGFR2 promoter [14] . Therefore, we tested whether FBW7 affects the inhibitory effect of KLF2 on VEGFR2 promoter. As shown in Figure  2H , the coexpression of FBW7 completely abolished the KLF2-mediated inhibition of the VEGFR2 promoter.
Next, we tested whether the knockdown of FBW7 affected the expression of VEGFR2 in endothelial cells. We found that the knockdown of FBW7 significantly reduced VEGFR2 expression but increased eNOS expression ( Figure 2I ). This result is consistent with a previous report that both VEGR2 and eNOS are downstream targets of KLF2 [7, 33] . Moreover, FBW7 has also been demonstrated as an efficient E3 ubiquitin ligase for Notch, which may regulate the expression of VEGFR2 in endothelial cells [31, 35] . To exclude the effect of Notch, HUVECs transfected with control or FBW7 siRNA were treated with γ-secretase inhibitor DAPT for 24 h to block the Notch signaling. Then, the mRNA levels of VEGFR2 were analyzed using qRT-PCR. As shown in Supplementary information, Figure S4F , knockdown of FBW7 can still reduce the VEGFR2 expression in the presence of DAPT, suggesting that a Notch-independent pathway exists to inhibit the VEGFR2 expression upon FBW7 knockdown. Thus, our data suggest that FBW7 might regulate endothelial cell function by affecting KLF2 transcriptional activity in endothelial cells.
Identification of two conserved CPDs in KLF2
As described earlier, KLF2 contains two conserved putative CPDs (Figure 2A ). To examine whether these CPDs are required for FBW7-mediated degradation, we made single or double CPD mutants of KLF2 ( Figure  3A ). Our data showed that individual mutations of either CPD or the simultaneous mutation of both CPDs dramatically reduced FBW7-mediated KLF2 degradation (Figure 3B and Supplementary information, Figure S5A ). This result was confirmed using a CHX chase assay. The half-life of the CPD mutants was significantly extended compared with wild-type KLF2 ( Figure 3C ), indicating that both of the CPDs contributed to FBW7-mediated degradation. Moreover, the mutation of either CPD markedly reduced KLF2 binding to FBW7, and mutation of both CPDs completely abolished its interaction with FBW7 ( Figure 3D ). Consistent with these results, the CPD-null mutant of KLF2 was also resistant to FBW7-mediated ubiquitination both in vivo ( Figure 3E ) and in vitro ( Figure 3F ). These results strongly suggest that both CPD motifs are required for the SCF FBW7 E3 ubiquitin ligase-mediated ubiquitination and degradation of KLF2.
Previous data showed that FBW7 dimerization enhances the degradation of some FBW7 substrates [36] . The identification of the two CPDs in KLF2 prompted us to examine whether the dimerization of FBW7 is involved in KLF2 degradation. Consistent with a previous report [36] , the mutation of key residues required for FBW7 dimerization dramatically reduced the FBW7-mediated degradation of cyclin E, but had little effect on the degradation of c-Myc. Interestingly, the FBW7 L256E/ I257E dimerization mutant [36] was unable to degrade KLF2 (Supplementary information, Figure S5B ), suggesting that dimerization of FBW7 is important for the efficient degradation of KLF2.
The phosphorylation of the Thr/Ser residue in the CPD motif is required for substrate recognition by FBW7. To test whether the CPDs of KLF2 are also phosphorylated, we generated an anti-KLF2 antibody that specifically rec- ognized the phosphorylated T243, by using a synthesized phosphorylated peptide. The specificity of this antibody The phosphorylation of WT or CPD mutated KLF2 was examined using a phospho-T243 antibody. CPD2m, KLF2 T243A/S247A mutant.
(E) The inhibition of GSK3 stabilized KLF2. Cells expressing KLF2 were treated with 40 mM NaCl or LiCl. The half-life of KLF2 was examined using a CHX assay. The data are presented as the mean and standard error (n = 3). (F) GSK3 inhibitor CHIR99021 stabilized KLF2. Transfected cells were treated with 10 µM CHIR99021 and the half-life of KLF2 was examined using a CHX assay. (G) The GSK3β knockdown increased the protein levels of endogenous KLF2 in HUVECs. Tubulin was used as loading control. (H) The GSK3β knockdown in HUVECs prolonged the half-life of endogenous KLF2. HUVECs were transfected with the indicated siRNA and the half-life of KLF2 was examined using a CHX assay. Quantification was performed using GAPDH as a loading control. (I) The effect of GSK3 on KLF2 protein levels is FBW7 dependent. HUVECs were transfected with the indicated siRNA. 72 h after transfection, cells were lysed and analyzed by western blotting. GAPDH was used as loading control.
www.cell-research.com | Cell Research Figure S6A ). Treatment with protein phosphatase completely abolished the binding of the phospho-antibody to KLF2 immunoprecipitated from transfected 293T cells (Supplementary information, Figure S6B ). To test whether FBW7 binds to phosphorylated or nonphosphorylated KLF2, HA-KLF2 was expressed in HEK293T cells in the presence or absence of Flag-FBW7. FBW7 was immunoprecipitated with an anti-Flag antibody, and the bound KLF2 was detected using both anti-HA antibody and the anti-pT243 antibody. As shown in Figure 4A , FBW7 specifically bound to the pT243-phosphorylated KLF2. Moreover, data from the biotin-labeled peptide pull-down assay showed that FBW7 bound to the phosphorylated CPD1 and CPD2, but not nonphosphorylated CPDs ( Figure  4B ). Thus, our data indicate that FBW7 binds to the KLF2 via the phosphodegron motifs.
Phosphorylation of KLF2 by GSK3β
Next, we investigated the potential kinases required for KLF2 phosphorylation using various kinase inhibitors that might affect the KLF2 phosphorylation. Interestingly, we found that treatment with the glycogen synthase kinase-3 (GSK3) inhibitor LiCl reduced the level of phosphorylated T243; none of the other inhibitors tested, including SP600125, SB203580, U0126 and PD98059, reduced the phosphorylation of KLF2 at T243 (Supplementary information, Figure S6C ). Thus, we further investigated whether GSK3 is the potential kinase involved in KLF2 phosphorylation using an in vitro kinase assay. As shown in Figure 4C , purified GSK3 robustly phosphorylated wild-type KLF2. The mutation of either CPD1 or CPD2 significantly reduced the GSK3-mediated phosphorylation. The double CPD mutation (2CPDm) completely abolished GSK3-mediated phosphorylation. The GSK3-mediated phosphorylation of KLF2 at T243 was confirmed using the phospho-KLF2 antibody ( Figure  4D ). Our data are consistent with a recent study showing that KLF2 is phosphorylated at T171 and T243 in mouse tissues using whole genome phosphorylation analysis (https://gygi.med.harvard.edu/phosphomouse) (Supplementary information, Figure S6D ). We also investigated whether GSK3 activity is required for KLF2 degradation. Cells expressing HA-KLF2 were treated with or without GSK3 inhibitor LiCl or CHIR99021. KLF2 protein turnover was measured using a CHX chase assay. We found that both LiCl and CHIR99021 treatment significantly extended the half-life of KLF2 ( Figure 4E and 4F) . Moreover, knockdown of GSK3 significantly increased the protein level of KLF2 ( Figure 4G ) and extended the half-life of endogenous KLF2 ( Figure 4H ). The FBW7 knockdown abolished the increase in KLF2 protein induced upon GSK3 knockdown, and no significant differences were found between individual and double knockdown of FBW7 and GSK3β ( Figure 4I) ; therefore, these results indicate that the effect of GSK3 on KLF2 protein levels is FBW7 dependent. Taken together, these data indicate that GSK3 phosphorylates KLF2 and consequently promotes the KLF2 degradation.
FBW7 inhibits KLF2 functions in endothelial cells
Next we investigated whether FBW7 regulates KLF2 function in endothelial cells. Consistent with a previous report [14] , the ectopic expression of KLF2 in HUVECs dramatically inhibited the tube formation and angiogenesis ( Figure 5A and Supplementary information, Figure  S7A ). As expected, the co-expression of FBW7 significantly reduced the inhibitory effect of wild-type KLF2. In contrast, FBW7 had little effect on the CPD-null KLF2 mutant ( Figure 5A ). Moreover, the overexpression of KLF2 had similar effects on angiogenesis to the FBW7 knockdown (Supplementary information, Figure  S7B -S7D), suggesting an important role for KLF2 in the effect of FBW7 on angiogenesis. Knockdown of KLF2 rescued the effect of FBW7 siRNA on the tube formation ( Figure 5B and Supplementary information, Figure S8 ). The critical role of KLF2 in the FBW7-mediated regulation of angiogenesis was also confirmed using the Matrigel plug assay in vivo ( Figure 5C and 5D) . Together, these data indicate that KLF2 is involved in the negative effect of FBW7 knockdown on angiogenesis.
KLF2 has various functions in endothelial cells, such as anti-inflammatory activities and maintenance of the endothelial barrier [7] . Given that FBW7 is a negative regulator of KLF2, we investigated whether FBW7 regulates other KLF2-relevant endothelial functions. It has been reported that the upregulation of KLF2 in endothelial cells reduces the adhesion of leukocytes to the endothelium, which is critical for inflammation [37] . Consistent with a previous report, stimulation with VEGF significantly increased the adhesion of monocytes to HUVECs ( Figure 5E and Supplementary information, Figure S9A) . The knockdown of FBW7 markedly reduced the monocyte adhesion, while the depletion of KLF2 reduced the effect of FBW7 siRNA ( Figure 5E ). These data suggested that FBW7 affects leukocyte adhesion through KLF2. KLF2 is also a key regulator of endothelial barrier integrity [13] . The results of our dextran leakage assay showed that the knockdown of FBW7 reduced thrombininduced endothelial leakage, which could be rescued by KLF2 knockdown ( Figure 5F and Supplementary in- FBW7 reduced the inhibitory effect of KLF2 on angiogenesis. 2CPDm, KLF2 T171A/S175A/T243A/S247A mutant; Column, the means from three independent experiments with duplicates; bar, SD; *P < 0.05; **P < 0.01 vs control. (B) Knockdown of KLF2 reduced the inhibitory effect of FBW7 on the tube formation. (C) Knockdown of KLF2 reduced the inhibitory effect of FBW7 on angiogenesis in vitro. Mice were injected with 0.5 ml of Matrigel containing the indicated lentivirus. Angiogenesis in the intact Matrigel plugs was examined after 7 days (n = 5). Plug sections of 5 µM were immunostained with a specific anti-CD31 antibody for blood vessels. The images were captured using a Leica DM 4000B photo microscope (magnification, 400×). Arrows, blood vessels. (D) Quantification of blood vessels from C, and the images were captured. The data are presented as the mean and standard error (n = 3). IOD, Integrated Optical Density. *P < 0.05; **P < 0.01; NS, not significant. (E) FBW7 affected KLF2-mediated adhesion of U937 cells to HUVECs. U937 cells were labeled with CFSE and the adhesion of U937 cells to the transfected HUVECs was recorded using a microscope. **P < 0.01; NS, not significant. (F) The depletion of FBW7 decreased thrombin-induced endothelial leakage. HUVECs were transfected as indicated, treated with thrombin (1 U/mL), and the leakage assay was performed to measure the FITCdextran passage. *P < 0.05; **P < 0.01; NS, not significant. formation, Figure S9B ). We also examined the effect of FBW7 knockdown on the proliferation of HUVECs. Our data indicated that knockdown of FBW7 inhibited the proliferation of HUVECs, which could be rescued upon KLF2 knockdown (Supplementary information, Figure  S10 ), suggesting that FBW7 is important for HUVEC proliferation via KLF2. Together, our data suggest that FBW7 is an important regulator of KLF2-relevant functions, including anti-inflammation, endothelial barrier integrity, and cell proliferation in endothelial cells.
The effect of FBW7 on the development of blood vessels in a teratoma assay
A previous study from knockout mice indicated that FBW7 is essential for vascular development [28] . Thus, we tested whether the FBW7-mediated degradation of KLF2 is also involved in the development of blood vessels during embryogenesis using a teratoma model, which has been demonstrated as a powerful gene-targeting method to study angiogenesis [30, 38] . We first examined the expression of Fbw7 during mouse embryonic stem (ES) cell differentiation using an embryonic body (EB) differentiation model. Interestingly, our data showed that both Fbw7 and Vegfr2 mRNA levels were markedly increased during EB differentiation (Supplementary information, Figure S11A ). To further test whether Fbw7 is expressed in endothelial lineage cells, the Vegfr2+ cells were sorted from the EB and the expression of Fbw7 in Vegfr2+ and Vegfr2-cells was examined using RT-PCR. Our data showed that the expression of Fbw7 in Vegfr2+ cells was higher than in Vegfr2-cells (Supplementary information, Figure S11B ), suggesting that FBW7 might play roles in endothelial cell functions.
Subsequently, we generated a doxycycline-dependent knockdown stable ES cell line and the ES cells were injected into the nude mice as described [39] (Figure 6A ). Teratoma development was monitored by determination of endoderm, mesoderm and ectoderm (Supplementary information, Figure S11C ). As shown in Figure 6B and 6C, both Fbw7 and Klf2 were efficiently depleted in mice fed with doxycycline for 5 weeks. Interestingly, knockdown of FBW7 dramatically inhibited teratoma growth, whereas knockdown of Klf2 rescued the effect of the FBW7 knockdown ( Figure 6D ). These data indicate that the FBW7-mediated degradation of KLF2 is involved in teratoma growth. We examined the development of blood vessels using anti-CD31 antibody staining. Our data showed that knockdown of FBW7 markedly reduced the number of blood vessels, which was rescued upon KLF2 knockdown ( Figure 6E and 6F) . Together, our data suggested that the FBW7-mediated KLF2 degradation is required for the angiogenesis in the development of teratoma from mouse ES cells.
The role of the FBW7-KLF2 axis in in vivo angiogenesis in a zebrafish model
Furthermore, we employed a zebrafish model to study the role of FBW7 in vasculogenesis and angiogenesis during vertebrate embryogenesis. Three isoforms of zebrafish Fbw7 were identified through searching NCBI and Ensemble Genome Browser database ( Figure 7A) , and confirmed by RT-PCR and DNA sequencing (data not shown). We designed morpholino (MO) reagents targeting individual (labeled as zfbw7 544 MO, or zfbw7 605 MO) or all isoforms (labeled as zfbw7 splice MO, blocking the splicing of exon4/intron5, shared by all zfbw7 isoforms) of Figure 7C and Supplementary information, Figure S12F ). No gross morphological defects were evident in morphants and vasculogenic assembly of the trunk axial vessels also occurred normally (data not shown), thus, Fbw7 knockdown-induced angiogenic defects are specific to angiogenesis. At 30 hpf, these deficits on the growth of intersegmental vessels were grossly over 70% ( Figure 7C ), and could be significantly rescued by either expression of human FBW7 or co-injection of zklf2 morpholino ( Figure 7D and 7E) . These data indicate that zFbw7 indeed targets zKlf2, which in turn, controls normal angiogenesis in vivo.
Discussion
In the present study, we provided the evidence showing that FBW7 plays an important role in endothelial functions, including cell migration, sprouting, tube formation, leukocyte adhesion and angiogenesis. Importantly, we identified that KLF2, a central endothelial transcription factor, is a functional target of FBW7.
We provided evidence showing that FBW7 is a physiological E3 ubiquitin ligase for KLF2. Although many studies have shown that KLF2 mRNA expression is regulated by various signals, including stress, growth factors and cytokines in endothelial cells, the mechanism that 815 npg regulates the KLF2 abundance at the posttranslational level has remained largely unknown [7] . A previous study showed that the E3 ubiquitin ligase WWP1 inhibits KLF2 transcriptional activity and targets KLF2 for ubiquitination and degradation in a ubiquitin ligase activityindependent manner [40, 41] . A recent study showed E3 ubiquitin ligase Smurf1 targets KLF2 for degradation in H1299 cells [42] . However, how KLF2 protein stability is regulated in endothelial cells has remained unknown.
In the current study, we offer the first evidence to show that KLF2 is regulated through the ubiquitin-proteasome pathway at the posttranslational level in endothelial cells. Our results clearly demonstrate that SCF FBW7 E3 ubiquitin ligase negatively regulates KLF2 protein levels through ubiquitination and degradation. We also demonstrate that FBW7 is a critical negative regulator of KLF2-mediated endothelial functions, including angiogenesis, leukocyte adhesion and thrombin-induced leakage. Thus, our find- ings provide a novel mechanism for the regulation of KLF2 abundance and function in endothelial cells.
As an essential E3 ubiquitin ligase involved in cell proliferation, differentiation, tumorigenesis and development, FBW7 is regulated at both transcriptional and posttranslational level [22] . In this study, we identified FBW7 as an important regulator of endothelial functions. However, the mechanisms by which the FBW7 activity is regulated in endothelial cells are still unclear. Recent study indicates that PI3K-dependent phosphorylation stimulates the FBW7 activity to degrade its substrates [43] . Moreover, phosphorylation of FBW7 at T205 results in its binding to Pin1, which promotes the selfubiquitination and degradation of FBW7 [44] . Thus, it will be interesting to examine whether angiogenic signals may regulate FBW7 activity through phosphorylation. Moreover, FBW7 has been demonstrated to be downstream target of p53 [45, 46] . Hypoxia or vascular injury may induce the expression of p53 in endothelial cells [47] . Thus, it is also possible that these signals may regulate FBW7 expression through the induction of p53.
Three splice-variant isoforms (α, β and γ) with different subcellular localization of FBW7 have been identified [32, 48] . FBW7α is localized in the nucleoplasm, FBW7β is cytoplasmic and FBW7γ is nucleolar [32] . Despite their different subcellular localization, all of them have been shown to be able to degrade nuclear proteins [49] . Moreover, a recent study provides an interesting model that FBW7α and γ collaborate to target cyclin E for ubiquitination in the nucleolus in a Pin1-mediated isomerization-dependent manner [50] . KLF2 is a transcriptional factor that is mainly localized in the nucleoplasm. Although our data showed that overexpression of FBW7α, β and γ can promote the degradation of KLF2 in HEK293T cells, we found that FBW7α and γ, but not β, are involved in the degradation of endogenous KLF2 in HUVECs. Interestingly, we also noticed that KLF2 contains CPDs with double proline bond as cyclin E, thus it will be interesting to test whether KLF2 is ubiquitinated and degraded via a similar mechanism as cyclin E.
Although it is well established that FBW7 is an important tumor suppressor, which is mutated in various cancers, the pro-survival function has also been uncovered in multiple myeloid cells [51] . FBW7 is required for cell survival via targeting the p100 in the nucleus. Depletion of FBW7 significantly inhibits the NF-κB activation and cell survival. Moreover, FBW7 has also been demonstrated as an efficient E3 ubiquitin ligase for tumor suppressor NF1 and Nrf1 [30, 52] . In our study, we reported that FBW7 is required for the growth of teratoma via targeting the KLF2 for degradation and inhibiting the angiogenesis. Thus, we conclude that FBW7 has a cell context-dependent E3 ubiquitin ligase activity by targeting different substrates.
Previous studies showed that the Fbw7 knockout in mice results in the embryonic lethality at E10.5 due to the impairment of vasculogenesis, suggesting that Fbw7 is required for proper endothelial functions [28, 53] . In our current study, we provided several lines of evidence showing that the FBW7-mediated degradation of KLF2 positively regulates the endothelial functions both in vitro and in vivo: (1) knockdown of FBW7 in HUVECs impairs angiogenesis that can be rescued upon knockdown of KLF2; (2) inhibition of FBW7 expression impairs the blood vessel development in teratomas and knockdown of Klf2 rescued the phenotype; and (3) the depletion of Fbw7 in zebrafish impairs angiogenesis in vivo, which can be rescued upon knockdown of Klf2. However, our data cannot exclude the possibility that other FBW7-target proteins are also involved in the functions of FBW7 in endothelial cells. Previous studies using global knockout mice suggested that degradation of Notch by FBW7 is responsible for the development of normal blood vessels [28, 53] . Results from a recent study using an endothelial cell-specific Fbw7 knockout mouse model support the notion that FBW7 is a potent positive regulator of angiogenesis by targeting Notch for degradation in endothelial cells [31] . Consistent with our study, they also showed that knockdown of FBW7 results in the inhibition of HUVEC proliferation [31] . Another study from Dr Sun's group identified neurofibromatosis type 1(NF1) as a novel target protein of SAG-CUL1-FBW7 E3 ubiquitin ligase. Disruption of SAG, a key component of SAG-CUL1-FBW7 E3 ubiquitin ligase, causes the accumulation of NF1, which abolishes the endothelial differentiation of mouse ES cells and blocks the angiogenesis and growth of teratomas [30] . Except the positive role of FBW7 in endothelial functions, FBW7 has also been shown to negatively regulate the cell migration and angiogenesis in HMEC-1 cells under both normoxic and hypoxic conditions through targeting HIF-1α for degradation [29] . The reason for this discrepancy is still unclear, but it is probably caused by the difference between HUVEC and HMEC-1. Unlike HUVECs, which are primary human umbilical vein endothelial cells, HMEC-1 is an immortal human EC line. Significant differences have been found between HUVEC and HMEC-1 cell lines [54] . Thus, together with our current study, we conclude that FBW7 is an indispensable regulator of endothelial functions by targeting multiple key factors, including KLF2, Notch, NF1 and HIF1-α, for degradation in a context-dependent manner.
KLF transcriptional factors, including KLF2, 4, 6, and 10, have been shown to regulate endothelial functions
npg including angiogenesis and inflammation [9, 53, 55] . Among these factors, KLF2 has been identified as all essential regulator of endothelial function in mammals [7] . Overexpression of KLF2 in HUVECs significantly inhibits the angiogenesis [14] . Our study shows that degradation of KLF2 by FBW7 is indispensable for angiogenesis in mice. Moreover, Klf2 is essential for normal valve development [56] and flow-induced angiogenesis during aortic arch development by regulating the expression of miR126 in zebrafish [12] . Our data showed that zebrafish Klf2 is also a target of zebrafish Fbw7. Depletion of Fbw7 results in the increase in KLF2 protein levels and inhibits the angiogenesis in zebrafish. Importantly, inhibition of Klf2a expression rescued the defective angiogenesis caused by Fbw7 depletion. Therefore, these data indicate that Fbw7-mediated Klf2 degradation is an evolutionally conserved pathway, which is important for angiogenesis in both zebrafish and mammal.
In addition to its essential roles in the endothelium, KLF2 is a critical regulator of lymphocyte trafficking, adipogenesis, erythropoiesis, development and ES cell self-renewal [7] . Thus, our study raises an interesting question of whether FBW7 regulates KLF2 function in other cell types. It has been established that FBW7 targets different substrates for degradation in a tissuespecific manner [25, 26] . For example, FBW7 can target mTOR for degradation in a cancer cell line, but not in the liver [55, 57] . In addition, FBW7 regulates the function of hematopoietic stem cells but not neural stem cells through c-Myc degradation [25, 26] . As both KLF2 and FBW7 are widely expressed in many tissues other than the endothelium, their interaction in various physiological and pathological processes is worthy of further investigation using the recently developed tissue-specific FBW7 knockout mouse as a tool. Our findings are likely to have wider implications for the regulatory role of FBW7 in KLF2-dependent pathways beyond endothelial functions.
Materials and Methods
Animal studies
Mice were purchased from the National Rodent Laboratory Animal Resources, Shanghai Branch (Shanghai, China) and maintained in a laminar airflow cabinet under specific pathogenfree conditions according to the NIH standards established in the Guidelines for the Care. All the protocols were approved by East China Normal University.
In vivo Matrigel plug assay
The formation of new vessels in vivo was evaluated using a Matrigel plug assay. Briefly, lentiviruses expressing 1 × 10 9 pfu of lentiviral empty vector or shFbw7 were mixed in the Matrigel solution at 4 °C with 100 ng/ml VEGF165 (Peprotech), and 20 units of heparin. 500 μl of Matrigel containing lentiviruses was injected subcutaneously into the abdomen of 6-week-old C57BL/6 male mice. After 6 days, the skin of each mouse was pulled off to expose an intact Matrigel plug. Thereafter, hematoxylin and eosin (HE) staining was performed to identify the formation and infiltration of new functional microvessels. Functional microvessels with intact RBCs were quantified manually using a microscope (highpower field [HPF] 200×).
Fish care, morpholinos, microinjection and whole-mount mRNA in situ hybridization
Zebrafish maintenance, breeding and staging were performed as described previously [58] . The zebrafish facility and zebrafish study were approved by the Institutional Review Board of the Institute of Health Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. MO phosphorodiamidate oligonucleotides were designed by and purchased from Gene Tools (Carvalis, OR, USA). The sequences of Fbw7 MOs: Fbw7 605 : 5′-GGGAATAGGGCAATGCCGCAGCATT-3′; Fbw7 544 : 5′-TTAAAGTGCCGTAGAAACCCATGGT-3′; Fbw7-Splicing: 5′-AGCCAACTACAACAAGACAGAGACA-3′. The sequences of Klf2a MO: 5′-ATCGTTCCACTCAAAGCCATTTCCA-3′. The morpholinos were diluted in Danieu buffer. Capped mRNAs were synthesized using a Massage machine kit according to the manufacturer's instructions (Ambion). The zebrafish embryo microinjections were performed with a Harvard Apparatus microinjector at the one-cell stage. The dose of injected morpholinos/mRNA: 16 ng for Fbw7 splicing, Fbw7 605 and Fbw7 544 MO; 8 ng for KLF2a MO; and 0.1 ng for hFBW7. Confocal images were obtained using an Olympus Fluoview 1000 confocal microscope and data were analyzed as described [59] . All the experiments were repeated at least three times, and only representative results were shown.
Detailed methods are described in the Supplementary information, Data S1.
